Here we study the potential observational signatures of supermassive black hole binaries (SMBHBs) in the Fe Kα line profiles emitted from the accretion disks around their components. We simulated the Fe Kα line emission from the relativistic accretion disks using ray tracing method in Kerr metric. The obtained profiles from the SMBHBs are then compared with those in the case of the single supermassive black holes (SMBHs). We considered two models of the SMBHBs: a model when the secondary SMBH is embedded in the accretion disk around the primary, causing an empty gap in the disk, and a model with clearly separated components, where the accretion disks around both primary and secondary give a significant contribution to the composite Fe Kα line emission of a such SMBHB. The obtained results showed that both models of SMBHBs can leave imprints in the form of ripples in the cores of the emitted Fe Kα line profiles, which may look like an absorption component in the line profile. However, in the case of the composite line profiles emitted from two accretion disks, these ripples could have much higher amplitudes and strongly depend on orbital phase of the system, while for those emitted from a disk with an empty gap, the corresponding ripples mostly have lower amplitudes and do not vary significantly with orbital phase. The present day X-ray telescopes are not able to detect such signatures in the observed X-ray spectra of SMBHBs. However this will be possible with the next generation of X-ray observatories, which will also enable application of such effects as a tool for studying the properties of these objects.
Introduction
Nowadays, it is widely accepted that binary systems of SMBHs originate in galactic mergers (Begelman et al., 1980) , and that their coalescences are the powerful emitters of low-frequency (nHz) gravitational waves (GWs) which are currently probed by pulsar timing arrays (PTA) (Sesana et al., 2018) , and which will be main targets for future space-based interferometers. Searches for (active) SMBHBs are currently ongoing, resulting with more than 100 candidates (see e.g. Sesana et al., 2018, and references therein) , and were significantly intensified after the first observation of merging stellar mass black hole binary performed by LIGO Scientific Collaboration and Virgo Collaboration (2016) .
One of the most powerful methods for SMBHB searches is the spectroscopy (in different spectral bands). As two SMBHs in a galactic merger become gravitationally bound and start to orbit around their center of mass, the emission lines from SMBH components start to shift due to their radial velocities (see e.g. Popović, 2012; Bon et al., 2012; Li et al., 2016 , for examples in optical band). In such a case, a strong X-ray emission in the broad Fe Kα line at 6.4 keV could arise from accretion disks around both SMBHs, and could be therefore affected by the Doppler shifts due to the orbital motion of the binary (Yu and Lu, 2001; Jovanović et al., 2014) , since the radial velocities of its components could reach ≈ 1.5 × 10 4 km/s in the case when the separation between them is 10 −3 − 10 −2 pc (see Table 1 in Popović, 2012) . Such, double relativistic Fe Kα lines and periodic X-ray variability are expected to be detected from very massive (M > 10 8 M ⊙ ) and cosmologically nearby (z cosm < 1) SMBHBs (Sesana et al., 2012) .
The Fe Kα line is produced by fluorescent emission from a very compact region around a SMBH (Fabian et al., 1989 (Fabian et al., , 2000 , and thus it represents powerful diagnostic tool for studying physics and structure of such regions (see e.g. Jovanović et al., 2008; Jovanović & Popović, 2009; Jovanović, 2012; Popović, 2012) , as well as the masses and spins of SMBHs (see e.g. Jovanović et al., 2011; Reynolds, 2014) . X-ray reflection spectroscopy, which is based on the studies of the observed broad Fe Kα line profiles, is nowadays proven to be an especially powerful technique for the robust black hole spin measurements across the wide range of black hole masses, from the stellar-mass black holes in the X-ray binaries to the SMBHs in the Active Galactic Nuclei (AGN), as well as for the reverberation of the relativistically broadened iron line which is already detected in the observed X-ray spectra of some AGN (for more details see the review by Reynolds (2014) , and references therein).
In the case of SMBHBs, the line emitting regions could have different structures, depending on the mass ratios of the components, separation between them and parameters of their accretion disks (Jovanović et al., 2014) . In some cases the secondary SMBH could be even embedded in the accretion disk around the primary, causing an empty annular gap in it (McKernan et al., 2013) , similarly to the empty gap in circumbinary disk of Mrk 231 (see Fig. 1 in Yan et al., 2015) . Namely, it is well known that a SMBHB with small mass ratio (q ≪ 1) can exchange angular momentum with its disk, distorting its density and causing the secondary SMBH to migrate inward (see e.g. McKernan et al., 2013, and references therein) . If a secondary has a very low mass, it is subjected to a very rapid Type I migration, and it cannot significantly affect the Fe Kα line emitted form the disk, neither can create an empty cavity in it. However, if the secondary is sufficiently massive (i. e. if the mass ratio of the SMBHB exceeds the critical value of q ≥ 10 −4 ), it will be subjected to a Type II migration,
and it will open an empty annular gap in the disk, analogous to the gaps in protoplanetary disks, significantly affecting the emitted Fe Kα line (McKernan et al., 2013) .
Here we study the possibility to detect the SMBHB signatures in their observed Fe Kα line profiles by nowadays and future X-ray detectors. For this purpose we studied two models of the SMBHBs: (1) model with clearly separated components, where the accretion disks around both primary and secondary SMBHs significantly contribute to their composite line emission, and (2) model in which the secondary SMBH is embedded in the accretion disk around primary, causing an empty gap in the disk. This paper is organized as follows: the simulations of X-ray radiation from two accretion disks with different parameters, as well as the procedure how to obtain the simulated Fe Kα line profiles for two mentioned models of SMBHBs are described in Section 2, the obtained results are presented in Section 3 and briefly discussed in Section 4, and finally, in Section 5 we point out our main conclusions.
Models of accretion disks around two components of a SMBHB and their barycentric orbits

Accretion disk models
In order to study the potential observational signatures of SMBHBs in the Fe Kα line profiles emitted from the relativistic accretion disks around their SMBH components, we performed the numerical simulations of disk emission based on ray-tracing method in Kerr metric, taking into account only those photon trajectories reaching the observer's sky plane (Fanton et al., 1997; Cadez et al., 1998; Jovanović et al., 2008; Jovanović & Popović, 2009; Jovanović, 2012) . We assumed that disk emissivity ε (r) follows power law: ε (r) = ε 0 · r p , where ε 0 is an emissivity constant, and p is an emissivity index (see Jovanović, 2012 , for more details). In the case of the SMBHB model with empty gap, this power law disk emissivity was modified so that ε (r) = 0 over the annulus representing the gap (see below text for more details). Due to several effects, photons emitted from a disk at energy E em (or wavelength λ em ) will be observed by an observer at infinity at energy E obs (or wavelength λ obs ), causing the energy shift g or, equivalently, the usual redshift in wavelength z (for more details see e.g. Jovanović et al., 2016 , and references therein):
By integrating the observed flux at each observed energy over the whole disk image, one can obtain the corresponding simulated line profile emitted from the previously calculated accretion disk image (Jovanović, 2012) :
Taking into account the results of some previous studies (see e.g. Jovanović, 2012, and references therein), we assumed the following parameters for modeling the accretion disks around the primary and secondary SMBHs: both SMBHs are assumed to be slowly rotating with the same small spin: a BH = 0.1, inner radii of both disks are fixed to R in = R ms = 5.67 R g (where R ms is the radius of the marginally stable orbit, and R g = GM/c 2 -the gravitational radius of the SMBH with mass M ), their outer radii are also assumed to be the same: R out = 50 R g , as well as their emissivity indices: p = −2.5. We simulated the SMBHB signatures for two different disk inclinations: θ obs = 25 • (labeled as "disk model A" for the further reference) and θ obs = 75 • ("disk model B"). The resulting simulated disk images, colored according to the energy shifts g and the observed fluxes F , as well as the corresponding simulated non-normalized line profiles are presented in Fig. 1 for both disk models. As it can be seen from this figure, disk inclination significantly affects the width and intensity of the resulting line profiles, which was the main reason why we assumed these particular two disk models.
Since, as already mentioned, the appearance of double relativistic Fe Kα lines and periodic X-ray variability are expected to be detected from very massive and cosmologically nearby SMBHBs (Sesana et al., 2012) , we assumed a large mass of the primary SMBH: M 1 = 5 × 10 8 M ⊙ and small angular diameter distance to the binary system of SMBHs: D A = 20 Mpc, corresponding to z cosm ≈ 0.0045 for Ω M = 0.315, Ω Λ = 0.685 and H 0 = 67.4 km s −1 Mpc −1 (Planck Collaboration, 2018) . For mass ratio of the SMBHB we adopted the value q = 0.5, corresponding to the mass of the secondary of M 2 = 2.5×10 8 M ⊙ . Thus, the total mass of the SMBHB is almost an order of magnitude less than the mass of the central SMBH of M87, estimated from its shadow by Event Horizon Telescope Collaboration (Event Horizon Telescope Collaboration, 2019), and it is within the mass limit of 1.6 × 10 9 M ⊙ for the SMBHBs out to the distance of the Virgo Cluster (≈ 16 Mpc), obtained from 11-year data set for low frequency gravitational waves by NANOGrav PTA collaboration (Aggarwal et al., 2019) . This resulted with simulated accretion disk around the primary with outer radii of R out = 50 R g ≈ 250 AU which on the observer's sky corresponds to ≈ 12.5 µas, giving a total apparent size of the disk's image of ∼ 25 µas × 25 µas.
Regarding the assumed size of the accretion disks, we took into account the results of some observational studies of AGN with single SMBHs in their centers, which suggest that the broad Fe Kα line is emitted from the innermost regions of their accretion disks, extending between R ms and a few dozens of R g (see e.g. Ballantyne & Fabian, 2005 , for an example in the case of radio galaxy 4C 74.26). This is also in accordance with so called "standard model of accretion disk" (Shakura & Sunyaev, 1973) , according to which the spectrum of radiation emitted from the disk depends on the distance to the central SMBH, so that the innermost part of the disk between R ms and several tens of R g emits X-rays, its central part between ∼ 100 R g and ∼ 1000 R g emits UV radiation, while its outer part located thousands R g from the SMBH, emits the optical radiation. Taking this into account, and since we are here investigating only the Fe Kα line emission from a SMBHB, we assumed that the outer radii of its both disks are equal to the outer radii of their Fe Kα line emitting regions, for which we adopted the following value: R out = 50 R g .
On the other hand, the outer parts of an accretion disk in a close SMBHB (i.e. when semimajor axis a is small), could be subjected to the tidal disruption by the gravitational field of the second component. Therefore, the maximum size of the accretion disks in such a SMBHB is determined by the gravitational interaction between its components, and it is a function of their mass ratio q (for more details see e.g. Paczynski, 1977) . An accretion disk with outer radius R out would be tidally disrupted if the semimajor axis a of the SMBHB is less than the following limit for for tidal disruption (Safarzadeh et al., 2019) :
In this study, the outer radii of the disks are R out ≈ 250 AU, which corresponds to the following limit for tidal disruption: a t ≈ 450 AU. As it can be seen from Table 1 , the semimajor axes of both studied orbits significantly exceed this limit (a ≫ a t ), and thus the accretion disks around both components are not subjected to the tidal disruption during their orbital motion.
Keplerian barycentric orbits of SMBHBs
The first of two studied SMBHB models assumes that its clearly separated primary and secondary components are moving around their common center of mass along Keplerian orbits which, due to their radial velocities, causes Doppler shifts in the Fe Kα lines emitted from their accretion disks.
To model Keplerian barycentric orbits of a binary sistem of SMBHs, we apply the same procedure which is commonly used for the binary stars (for more details see e.g. Hilditch, 2001) . As a first step, we can adopt some masses of the primary and secondary components M 1 and M 2 , or alternatively, just mass of the primary and mass ratio between the secondary and primary: q = M 2 M 1 . We also need to assume some separation between the components a (i.e. semimajor axis of their relative orbit) 1 . The orbital period of the binary can be then obtained from the third Kepler's law:
If we denote time with t and time of the pericenter passage with τ , then the next step is to calculate the mean anomaly M (and also orbital phase Φ):
Assuming some orbital eccentricity e, the corresponding eccentric anomaly E can be obtained by solving the Kepler's Equation:
and the true anomaly θ can be calculated from E according to:
Finally, the true barycentric orbits (i.e. those in the orbital plane) of the primary and secondary SMBHs are then represented by polar equations of the ellipse r 1,2 (θ):
where a 1 = q a 1 + q and a 2 = a 1 + q are their semimajor axes 2 .
The corresponding apparent orbits (in rectangular coordinates) can be calculated by projecting the true orbits on the observers sky plane using the remaining three Keplerian orbital elements (orbital inclination i, longitude of the ascending node Ω and longitude (or argument) of pericenter ω): 
Radial velocities of the components are given by the following expression (Hilditch, 2001) :
where K 1,2 are the semiaplitudes of the velocity curves:
and γ is systemic velocity (which is assumed to be 0 km/s in our simulations). Assuming that V rad 1,2 ≪ c, Doppler shifts in wavelength (z 1,2 ) and energy (g 1,2 ) due to radial velocities of the components are given by:
The total redshift factor g tot , representing the net effect of both relativistic effects and radial velocities of the components, can be then obtained from Eqs.
(1) and (12):
We studied the influence of Doppler shifts on the observed disk emission by calculating the simulated line profiles according to the expression (2), but using the total redshift factor g tot instead of g. Figure 2 . Radial velocities of the components in a SMBHB with mass ratio q = 0.5, for orbit 1 (left) and for orbit 2 (right).
Results and discussion
To study the observational signatures of the first SMBHB model, we performed simulations of the X-ray radiation from such a SMBHB with mass ratio q = 0.5 for two different Keplerian orbits of its components, denoted as "orbit 1" and "orbit 2", and determined by the orbital elements which are summarized in Table 1 . As it can be seen from this table, the obtained orbital periods are on the order of a few years, which means that we simulated electromagnetic signatures in the Fe Kα line of the nearby SMBHBs with semimajor axes of ∼ 10 −3 − 10 −2 pc, periods of a few years and masses above ∼ 10 8 M ⊙ , and such SMBHBs are targets of present PTAs like NANOGrav, which search for their gravitational wave signatures (see e.g. Aggarwal et al., 2019) .
The obtained radial velocities of the components in the case of both orbits from Table 1 are presented in Fig. 2 . It can be seen from this figure that the radial velocity of the secondary SMBH can go far beyond 10,000 km/s, which is sufficient to induce significant Doppler shift in the X-ray radiation from its accretion disk.
As a next step, we used the obtained radial velocities to simulate the X-ray radiation from this SMBHB during different orbital phases along each of two orbits, assuming different models of accretion disks around its components. Two examples of the obtained results are presented in Fig. 3 and they correspond to the orbital phase Φ = 0.8 along "orbit 1" in the case when "disk A" is around both components (top panel), as well as to the orbital phase Φ = 0.4 along "orbit 2" in the case when "disk B" is around the primary and "disk A" around the secondary component (bottom panel). The disk images, colored according to the total redshift factor g tot , are presented in the left parts of each panel of Fig.  3 , while their right parts show the corresponding simulated composite Fe Kα line profiles. As it can be seen from this figure, this model of SMBHB induces the appearance of the ripples in the cores of the simulated composite Fe Kα line profiles. The amplitudes of these ripple effects strongly depend on the assumed parameters of the accretion disks around both primary and secondary SMBHs, the orbital elements of their Keplerian orbits, as well as on the particular orbital phase (i.e. time) at which, here a simulation and in reality an observation, is made. Moreover, as demonstrated in Jovanović et al. (2014) , the mass ratio q also has a strong influence on the amplitudes of these ripples, since the ratio between the fractions of the composite Fe Kα line flux, contributed by the accretion disks around the secondary and the primary, roughly corresponds to q. Since a highly inclined disk produces a wide line profile, as demonstrated in Fig. 1 , the ripple in the bottom panel of Fig. 3 is much wider and deeper than the one in the top panel because it is created in the component of the Fe Kα line which is emitted from the highly inclined "disk B" around the primary SMBH.
We also investigated the flux variability in different parts of the Fe Kα line for different phases during one orbital period. The flux variability of the total line profile, its red part (E < 6.2 keV), core (6.2 keV ≤ E ≤ 6.6 keV) and blue part (E > 6.6 keV) are presented in Fig. 4 by black, red, green and blue lines, respectively. Two panels in Fig. 4 refer to the same disk parameters and orbital elements as the corresponding panels in Fig. 3 , but for 10 different orbital phases (including those from Fig. 3 ). As it can be seen from Fig. 4 , this model of SMBHBs induces the highest flux variability in the core of the Fe Kα line. Taking into account that the presented results refer to only one orbital period, it can be easily deduced that the same variability pattern would also repeat during all successive orbital periods. Therefore, in the case of such a SMBHB, a periodic variability of the X-ray radiation in the Fe Kα line should be expected, which is in good agreement with the similar predictions of Sesana et al. (2012) . We studied the observational signatures of the second SMBHB model using the similar simulations of the X-ray radiation from the accretion disk around its primary SMBH, in which its secondary SMBH cleared an empty gap. We performed these simulations for both disk models from §2 and for different positions and widths of the empty gap, i.e. for different values of its inner and outer radii. Two examples of the obtained results in the case of "disk A" and "disk B", each with an empty gap extending between 15 R g and 20 R g , are shown in the left panels of Fig. 5 , while the corresponding simulated Fe Kα line profiles are shown in the right panels of the same figure. Taking into account that the gap is formed in the accretion disk around the primary, and for the sake of simplicity, we expressed its radii in the units defined by gravitational radius R g = R g1 (and mass) of the primary SMBH, in which the both gaps from the left panels of Fig. 5 have the widths of 5 R g1 . On the other hand, the gap width can be also expressed in different units of gravitational radius R g2 for the secondary SMBH (or equivalently, in terms of its mass), assuming that it is twice as large as the outer radius of the accretion disk around the secondary, for which we adopted the value of 50 R g2 , as previously mentioned. Under these assumptions: 5 R g1 = 100 R g2 , resulting with the following value for the mass ratio of the SMBHB: q = R g2 R g1 = 0.05, as well as with the mass of the secondary SMBH of M 2 = 2.5 × 10 7 M ⊙ . Therefore, this SMBHB has an order of magnitude lower mass ratio than the previously described model, but which is still significantly larger than the limit of q = 10 −4 below which the secondary SMBH is not able to open a gap in the disk around the primary (see e.g. McKernan et al., 2013 , for more details). Another important difference between these two models is an assumption that in the latter case, there is no Fe Kα line emission from the gap, i. e. that the "minidisk" around the secondary SMBH (which is embedded in the gap) gives a negligible contribution to the total line emission of the binary. Such scenario is preferable, although one cannot completely exclude a possibility that some gas can enter the gap and feed a "minidisk" around the secondary which, as a consequence, could create some additional Fe Kα line emission (see McKernan et al., 2013, and references therein) . It can be seen from Fig. 5 that in such a case an empty annular gap in the accretion disk around primary could have significant influence on the resulting line shape, inducing the appearance of the similar ripples as in the case of the first SMBHB model, which is in good agreement with the results of some previous studies (see e.g. McKernan et al., 2013) . However, these ripple effects in the second SMBHB model, besides having the lower amplitudes, strongly depend only on the positions and widths of empty gap (or in other words, on its radii), but they do not noticeably vary with time (or orbital phase), since we assumed that the inner and outer radii of the gap are also time independent. In reality, on the other hand, the secondary SMBH would slowly spiral down towards the primary, so the radii and width of empty gap would also change with time, inducing a slow time variability of the resulting ripple effects.
Discussion
As it was shown in the previous section, both studied SMBHB models predict occurrences of the ripples in the cores of emitted Fe Kα line profiles. Thus, an important related issue is the possibility to detect such effects in the observed spectra of SMBHB candidates using nowadays and future X-ray detectors, which depends on their spectral resolution and signal-to-noise ratio (S/N).
The presented simulated line profiles were calculated over 200 bins of width ∆E = 0.064 keV, which corresponds to the spectral resolution of E/∆E = 100 at 6.4 keV. On the other hand, the spectral resolutions of some modern X-ray observatories are: E/∆E ∼ 20 − 50 in the case of XMM-Newton, ∼ 600 at 6 keV for Suzaku, and ∼ 100 − 1000 in 0.1-10 keV range for Chandra. Therefore, the performed simulations provide spectral resolution which is comparable to those of modern X-ray detectors, and according just to this property, the SMBHB signatures in the form of ripple effects in their observed Fe Kα line profiles should be detectable even by nowadays X-ray detectors.
However, this is not achievable yet due to insufficient S/N of the modern instruments. Namely, in the ray-tracing simulations S/N depends on the number of photons emitted from a simulated disk (Milošević et al., 2018) , which in our case was 5000 × 5000. Such a large number of photons in our simulations provides much higher S/N ratio than in the current observations by XMM-Newton and Chandra, which is the main cause for difficult detection of SMBHB signatures in the currently observed line profiles, in spite of similar spectral resolutions. However, the planned future X-ray observatories (like Advanced Telescope for High Energy Astrophysics -ATHENA) will be equipped with high signal-to-noise and high spectral resolution instruments (E/∆E ∼ 2800 in 0.2-12 keV range) and will enable the detection of the SMBHB signatures in the observed Fe Kα line profiles.
Conclusions
We simulated the Fe Kα line profiles emitted from the following two models of SMBHBs:
(i) a model in which both primary and secondary SMBHs are surrounded by an accretion disk and they are orbiting around their center of mass, and
(ii) a model in which the secondary SMBH clears an empty gap (or cavity) in the disk around primary.
We can summarize the obtained results of these simulations as follows:
(i) Both models leave detectable ripples in the emitted Fe Kα line profiles which may look like an absorption component in the line profile;
(ii) In the first model, such ripples in the composite line profiles are caused by Doppler shifts due to orbital motion, and depend on:
orbital phase of SMBHB (time) and cause the periodical variability of the line shapes,
mass ratio between the secondary and primary SMBHs,
parameters of the accretion disks (e.g. inclination) around both primary and secondary, -Keplerian orbital elements, which could potentially enable reconstruction of the observed radial velocity curves and their fitting with Keplerian orbits (see e.g. Bon et al., 2012 , for an example);
(iii) In the second model, these ripples do not significantly change in time, but instead:
they depend on the parameters of the disk around the primary (especially on the disk inclination),
their amplitudes strongly depend on the width and distance of the empty gap from the central SMBH, and hence they could be used for constraining the mass ratios and separations between the components in this type of SMBHBs;
(iv) Spectral resolutions and, especially S/N, of modern X-ray detectors are not sufficient to study in details such signatures of SMBHBs, however this will be possible with the next generation of X-ray observatories, such as ATHENA.
